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ABSTRACT
The heat-treatment process in the manufacture of Wilson Rockwell steel hardness test
blocks often produces parts which are inconsistent in the mean hardness and hardness
uniformity. In this thesis, the sources of variation in the mean hardness and hardness
uniformity of the test blocks are identified by means of metallurgical study and Design of
Experiments methodology. The uniformity of temperature distribution within the heating
chamber and the effect of temperature and material composition on the final
microstructure of the steel are analyzed. The hardness measurements and preparation of
metallographic specimens follow the standards defined by the American Society for
Testing and Materials (ASTM). Several control factors including soak temperature, soak
time and location within the heating furnace are included in the Design of Experiment.
The effects and interactions of control factors are studied using analysis of variance
(ANOVA) techniques. Response Surface Methodology (RSM) was used to minimize the
hardness variation on the interaction of the control factors. The heat-treatment
experiment indicated that non-uniform temperature distribution within the heating
chamber resulted in test blocks of different mean hardness in a batch run. The experiment
also demonstrated that hardening temperatures below the homogeneous austenite
formation temperature resulted in a large hardness variation. Several control factors and
interaction between the factors that are significant on the mean hardness and hardness
variation are identified. And finally, recommendations of control factor settings that
minimize the hardness variation are presented in this thesis.
Thesis Advisor: Jung Hoon Chun
Professor of Mechanical Engineering
Director, Laboratory of Manufacturing and Productivity
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CHAPTER 1: INTRODUCTION
This thesis is sponsored by Wilson Instruments, a division of Instron Inc. It is
focused on improving the productivity and throughput of the production line dedicated to
manufacturing metal calibration blocks used to calibrate Wilson's Rockwell hardness
testing equipment. Over the course of a 7 month internship, we have analyzed and
improved the production process for the Rockwell blocks. Our team is comprised of:
Mohammed Imani Nejad, Vincent Tan, Jairaj Vora and David Eliott Scheinman.
1.1. Company Background - Wilson Instruments
Wilson Instruments, now a subsidiary of Illinois Tool Works (ITW), has been a
pioneer in hardness testing equipment and standards. The company was founded by
Charles H. Wilson. In 1920, Charles Wilson collaborated with Stanley Rockwell to
produce the first commercially available Rockwell hardness testing machines. The
Rockwell Hardness standard has become the prominent hardness testing standard for
metals. Since their original success with Rockwell hardness testers, Wilson Instruments
has continued to be a market leader in hardness testing with an expanded instrument line
including MicroHardness and Brinell hardness testing equipment.
1.2. Rockwell Hardness Test Background
The Rockwell hardness scale is used to define the indentation hardness of metals.
There are multiple Rockwell scales. For this project we are focused on the Rockwell-A
(HRA), Rockwell-B (HRB) and Rockwell-C (HRC) scales. In order to determine the
hardness of a material, an indentation test must be performed.
The Rockwell hardness test uses a calibrated machine to apply a known force to a
diamond or tungsten-carbide indenter in accordance with ASTM E18-08. In order to
calibrate the testing machine, a material of a known hardness is tested, and the machine is
adjusted so that it reads correctly. The specifications of the blocks are described in
ASTM standard E18-08, Rockwell hardness testing machine shall be verified on a daily
basis by means of standardized test blocks. These test blocks are also manufactured and
calibrated in accordance with ASTM E 18-08. The Rockwell test blocks provide an easy
and inexpensive way to verify the machine. These blocks are used as a standard reference
to verify the hardness tester. Due to the destructive nature of the Rockwell indentation
test, each time a calibration block is used, a small indentation is left on the block. This
means that each block can only be used 100-200 times before it must be replaced. As a
result, Wilson Instruments manufactures the calibration blocks in large quantities and
sells them as consumables.
1.3. Manufacturing process
The Rockwell test blocks are circular discs approximately 2.5 inches (63.5
millimeters) in diameter and 0.25 inch (6.35 millimeters) thick. The Rockwell test blocks
are made from two different materials to provide a full range of hardness. Cartridge brass
is used for test blocks ranging from HRB-30 to HRB-90, while 0-1 tool steel is used for
harder materials up to HRC-60. The test blocks are physically identical, regardless of
material, except for the varying hardness. However, the manufacturing processes are
slightly different for each material. Figure 1 shows the manufacturing process of the
Rockwell test blocks.
Wilson manufactures the test blocks at Instron's machine shop in Binghamton,
New York. The manufacturing process is as follows:
1. Brass test blocks are rough cut from 0.350 inch (8.9 millimeters) brass plates by
waterjet. Steel blocks are rough cut with a band saw from round bar stock. Both
steel and brass cutting processes are outsourced and then shipped to the
Binghamton facility.
2. At the Binghamton facility, a CNC lathe is used to cut the final diameter, face the
blocks, and chamfer the edges. This is performed in two setups. The machined
blocks are then roll stamped with a unique serial number on the circumference.
3. The test blocks are then sent out for heat-treatment. The blocks are heat-treated to
full hardness and then annealed or tempered to the desired specifications.
4. When the blocks return from the heat-treating facility they have a scaled finish.
The blocks are bead blasted to remove this surface. The blocks are then manually
buffed to remove any sharps.
5. The steel blocks are surface ground to ensure proper parallelism.
6. All the blocks are lapped and polished to ensure proper parallelism, surface
flatness, and surface finish.
7. After passing dimensional quality control the blocks are sent to Instron's
Norwood facility.
8. At the Norwood facility the hardness of every block is tested and recorded during
the calibration and certification processes. The blocks are then packaged and
shipped out.
Steel and Brass
Turned on CNC
Lathe
Figure 1: Hardness Test Block Manufacturing Process Flow Chart
1.4. Problem Statement
The test block manufacturing processes has been producing inconsistent parts.
Many of the steps involve high rates of rework, parts often fail at the final quality
inspection stage, training new workers has been difficult as many of the processes are not
properly understood or documented. Wilson would like us to investigate the entire
manufacturing process to find ways to streamline the processes in order to improve
productivity while reducing total costs.
During our first month of work we visited the Norwood calibration and packaging
facility, the Binghamton production facility and key outside vendors. We interviewed
and observed as many people as possible involved with producing the test blocks.
Throughout this process we noticed reoccurring themes and problems.
The later stages of the manufacturing line, polishing and lapping, have
substantially higher rework rates. Both operators and management complained that cycle
times are erratic. Parts are often scratched during polishing or lapping which often
requires them to be sent back several steps in the sequence. The problem seemed so
important that Mohammed dedicated the majority of his time to improve the polishing
and lapping processes [1].
While the majority of defects become apparent in the final steps of lapping and
polishing there were many signals indicating the defects were not necessarily caused by
the actual lapping and polishing processes. Jairaj has dedicated his efforts to discover and
quantify the sources of variation cause during all steps preceding lapping [2]. David
focuses to create an analytical model to explore strategies for organizing and distributing
the limited machine and human resources to meet the demand efficiently [3].
Parts are often rejected at the final manufacturing stage, calibration and
certification, because they fall out of specifications for the mean hardness and hardness
uniformity. It should be noted that the mean hardness and hardness uniformity of the test
block is primarily determined by the heat treatment process. Thus, the focus of this thesis
is to reduce the amount of rejects at the final stage of the test block manufacture by
identifying the significant factors from the heat treatment process that affects the mean
hardness and hardness uniformity of the test block.
As the heat treatment process is outsourced, the resulting quality of Instron's
Rockwell Hardness test block relies heavily on their vendor's manufacturing practices.
Assuming that the machine shop at Instron is able to consistently produce smooth, flat
and parallel surfaces along with the proper maintenance and standard procedures of the
standardization and calibration laboratory, then the remaining sources of mean hardness
and hardness variation in the test block manufacture are caused by the heat treatment
process.
If the test blocks are out of specifications at the final manufacturing stage, they
are either converted or scrapped. When the mean of the six hardness measurements falls
beyond the allowable range of the target hardness but is still considered uniform, the test
block is converted to the next higher or lower hardness range. A test block is
automatically scrapped if the range of the six measurements fails to conform to the non
uniformity range (HR) as specified by ASTM E18-08. The allowable range for the mean
hardness measurements and the maximum non-uniformity range are shown in Appendix
A.
In general, it is better to encounter a conversion rather than scrap because both a
great deal of manufacturing expenses and the cost of raw material are lost when a test
block is scrapped. However, conversion introduces another issue into the system. As the
test blocks are converted, the amount of stock varies and becomes unpredictable.
Conversion requires a labor intensive process to manually count the amount of stock of
each hardness test block that Instron manufactures. As a result, a better understanding of
the heat treatment process should be achieved in order to improve the hardness
uniformity and reduce the amount of conversion at the final manufacturing stage.
1.5. Scope of Thesis
This thesis focuses on the heat-treatment process improvement in the manufacture of the
Wilson-Rockwell steel hardness test blocks. The findings from this study have only been
confirmed for the steel test blocks only. The author cautions that the findings from this
study reflect the outcome of the experiment using a laboratory heat-treating furnace, not
the actual commercial heat-treating furnace used by Instron. It does not discuss the actual
control procedures and process parameters as they are critical to Instron's continued
leadership in the hardness testing industry. Similarly, the exact material composition and
heat treating parameters are not provided in this thesis.
1.6. Thesis Organization
This thesis contains seven chapters. The first chapter presents an introduction which
covers the background, manufacturing process of the Rockwell® hardness test block,
problem statement and the scope of this thesis. Chapter 2 discusses the standards
pertinent to the hardness test blocks. Chapter 3 includes a summary of the engineering
knowledge related to steel heat-treatment. Chapter 4 describes the methodology of the
experiments using the understanding of the standard procedures from Chapter 2. Chapter
5 analyzes the results of the experiments relying on the knowledge of steel heat treatment
from Chapter 3. And finally, Chapter 6 gives the summary, recommendations and
suggestions for future work.
CHAPTER 2: ASTM TESTING STANDARDS
2.1. American Society for Testing and Materials
ASTM (American Society for Testing and Materials) is an international standards
organization that develops and publishes voluntary consensus technical standards for a
wide range of materials, products, systems, and services. ASTM predates other standards
organizations such as BSI (1901), DIN (1917) and AFNOR (1926), but differs from these
in that it is not a national standards body, that role is governed in the USA by the
American National Standards Institute (ANSI). However, ASTM has a dominant role
among standards developers in the USA, and claims to be the world's largest developer of
standards maintaining more than 12,000 standards [4].
2.2. ASTM E18-08
The ASTM E18-08 standard defines the standard test methods for Rockwell
Hardness of metallic materials [5]. In this section, the author summarizes the information
of ASTM E18-08 pertinent to the scope of this thesis and ensures that Instron's test
blocks manufacturing practices adhere to this standard.
2.2.A Scope
Annex A4 of ASTM E18-08 outlines the requirements and procedures for the
standardization of Rockwell hardness test blocks that are traceable to specific Rockwell
hardness standards. These standardized test blocks are to be used to verify the
performance of Rockwell-And Rockwell superficial hardness testing machines by daily
verifications and indirect verifications as described in Annex Al of ASTM E18-08. The
standardized test blocks are also to be used to monitor the verifications of Rockwell
standardizing machines as described in Annex A2 of ASTM E18-08. Conformance with
this standard and annex is traceable to national standards.
2.2.B Accreditation
The agency conducting the standardizations of test blocks should be accredited to
the requirements of ISO 17025 (or an equivalent) by an accrediting body recognized by
the International Laboratory Accreditation Cooperation (ILAC) as operating to the
requirements of ISO/IEC 17011. The standardizing agency should have a certificate of
accreditation stating the Rockwell hardness scales that are covered by the accreditation,
and the standards to which the test block standardizations are traceable.
2.2.C Manufacture
The manufacturer of test blocks should focus on the use of material and
manufacturing process which will provide the necessary homogeneity, stability of
structure, and uniformity of surface hardness. For quality control purposes, test blocks
should be examined for homogeneity and uniformity of surface hardness in accordance
with a statistically acceptable sampling procedure. The steel test blocks should be
demagnetized at the end of the manufacturing process to remove any magnetic forces
caused by the manufacturing processes. An identifying mark should be made on the test
surface of the blocks to ensure that material is not removed from the test surface or
reworked after standardization. The mark should be such that it cannot be removed by
any other method other than the removal of the test block itself. The standardized test
block should adhere to the physical requirements of Table 1.
Table 1. Physical requirements of Standardized test blocks [5].
Test Block Parameter Tolerance
Thickness 26.0 mm (0.236 in.)
-16.0 mm (0.630 in.)
Test surface area S2600 mm 2 (4 in.2)
Deviation from surface flatness <0.005 mm (0.0002 in.)
(test & bottom)
Deviation from surface parallelism <0.0002 mm per mm
(test & bottom) (0.0002 in. per in.)
Mean surface roughness Ra - 0.003 mm (12 pin.)
(test & bottom) center line average
2.2.D Standardization Procedure
The accredited standardizing laboratory environment, the standardizing machine,
and the standardizing test cycle should follow the requirements of Annex A2 of ASTM
E18-08. Unless noted, all measuring instruments should be calibrated according to
national standards.
A test block is standardized by calibrating the average hardness of the test surface
to a specific Rockwell hardness standard. Only one surface of the test block will be
calibrated according to the national Rockwell standards. The Rockwell standard to which
the test blocks are standardized against should be noted in the certification. Class A ball
indenters and Class A or Reference diamond indenters should be used to standardize the
test blocks. The standardization procedure involves making hardness measurements on
the test block surface using the forces and type of indenter relevant to the hardness scale.
At least five measurements should be performed and distributed uniformly over the test
surface. The non uniformity range, HR, of the measurements is determined as:
HR = Hma, - Hmin (1)
where Hmax is the highest hardness value and Hm,in is the lowest hardness value.
HR of the standardizing measurements provides an indication of the non-
uniformity of the test block hardness. The value of Hr should fall within the tolerances of
Table 2.
Table 2. Maximum Nonuniformity for Standardized Test Blocks [5].
Nominal Hardness of
Standardized Test Block
20 and <80
-80 and <92
0 and <45
z45 and <100
>20 and <60
>60 and <70
-40 and <60
60 and <87
HRFW, HRGW, HRHW,
HRLW, HRMW, HRPW,
HRSW, HRVW
HR30N
HR45N
HR15TW, HRSOTW, HR45TW
HR15WW, HR30WW, HR45WW,
HR15XW. HR3OXW, HR45XW,
HR15YW, HR3OYW. HR4SYW
=-69
:90
41
; 77
219
a66
and
and
and
and
and
and
Max. Nonuniformity
Range. HR
(HR units)
1.0
0 5
1.5
1.0
1.0
0.5
1.0
0.5
1.0
<90
<97
<77
<92
<66
<87
1.0
0.7
1.0
0.7
1.0
0.7
1.0
1.0
In some cases, a more accurate standardized value for the test block may be
obtained by correcting the measured average hardness value by a performance offset
value for the standardizing machine. The offset value may be based on the error Evalues
measured during the last indirect verification of the standardizing machine. For example,
an appropriate offset correction curve for each standardizing machine may be calculated
for a specific Rockwell scale by fitting a linear line to the error values measured during
the indirect verification. The standardizing laboratory should be aware that the validity of
calculating a correction curve in this way is dependent on the linearity of the fit of the
offset data across the entire scale.
HRA
HRBW
HRC
HRD
HREW,
HRKW.
HRRW,
HR15N
2.2.E Test Procedure
The distance from the center of any indentation to an edge of the test piece should
be at least two and a half times the diameter of the indentation as shown in the Figure 2.
In the case of dealing with materials that exhibit excessive time-dependent plasticity
(Indentation Creep), the user should be cautious of the excessive penetration of the
indenter. When working with materials that require a longer dwell time than the
specifications listed in Table 3, the dwell time should be recorded in the test results (for
example, 65HRFW, 10s).
cE
- 3 d 4 2% d -- )
Figure 2. Minimum indentation spacing [5].
Table 3. Test cycle tolerances [5].
Test Cycle Parameter Tolerance
Indenter contact velocity, vA (recommended) :2.5 mm/s
Dwell time for preliminary force, tpF (when the time to apply 0.1 to 4.0 s
the preliminary force tpA - 1 s, then calculate this parameter
as tpA / 2 + tpF)
Time for application of additional force, tTA 1.0 to 8.0 s
Dwell time for total force, tTF 2.0 to 6.0 s
Dwell time for elastic recovery, tR 0.2 to 5.0 s
2.2.F Marking
The markings engraved on the circumference should be upright when the
calibrated test surface is the upper surface. Each standardized test block should bear the
following markings:
1. The standardized hardness value, H, of the test block rounded to one decimal
place, for example HRB-73.8
2. The appropriate tolerance value for error Edescribed in Appendix B
3. Identification of the standardizing agency
4. A mark identifying the test surface which will be obliterated if the test surface is
reground
5. A unique serial number
6. Year of standardization. The year of standardization can be incorporated into the
serial number of the block
2.2.G Certificate
Each standardized test block should be packaged along with a certificate issued by
the standardizing laboratory with the following information:
1. Serial number of the test block
2. The standardized hardness value, H, of the test block rounded to one decimal
place, for example HRB-65.4
3. Value of the uncertainty in the standardized value with detailed explanation of
how the certainty was calculated
4. All of the individual standardizing hardness measurements
5. Description of the testing cycle used, including the dwell times for the
preliminary force, total force and elastic recovery
6. The body that maintains the Rockwell scale to which the test block is traceable.
For example, the national Rockwell C scale maintained at NIST
7. Date of standardization
8. Accreditation agency certification number
CHAPTER 3: ENGINEERING KNOWLEDGE RELATED TO
STEEL HEAT TREATMENT
3.1. Purpose of Heat Treating Steel Hardness Test Blocks
The purpose of heat treating the steel hardness test blocks is to increase the
hardness of the steel test blocks. By using the heat treating process, Instron is not
required to hold raw material inventory for all the hardness range they produce using
steel. By varying the factors in the heat treating process, it allows Instron to manufacture
different hardness test blocks from the same raw material.
The heat treating process used by Instron is called hardening. In general,
hardening refers to a heat treating process where a metal is brought to an elevated
temperature and held for a pre-determined time in order to increase hardness. The
hardening process used by Instron for the steel test blocks must be controlled to yield two
important outputs:
1. On target mean hardness of the steel test blocks
2. Hardness uniformity on each of the steel test block
3.2 Properties of Steel
3.2.A Iron-Carbon Phase diagram
Steels are different from one to another, they have different chemical
compositions and these differences in chemical composition causes differences, not only
in their properties as delivered from the mills, but also differences in their response to
heat treatment [6]. Because iron is the basic element of steel, knowledge of its properties
is necessary to understand the fundamental principles underlying the heat treatment of
steels. The properties of iron are affected by the amount of Carbon within the iron itself.
The iron-carbon phase diagram in Figure 3 shows the relationship between temperatures,
compositions, and structures of all phases that may be formed by iron and carbon for
steels with less than two percent of carbon.
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Figure 3. Iron-Carbon phase diagram for Carbon Steels with up to 2% carbon [7].
Figure 3 shows that the effect of carbon is important on the transformation
temperatures or critical points of iron. The increase in carbon content in carbon steel
lowers the A 3 temperature and increases the Acm temperature. This effect on the A 3 and
Acm temperatures is very important in the heat treatment of carbon steels.
Solid iron can absorb or dissolve carbon. The amount of carbon being absorbed or
dissolved is dependent on the crystal structure of the iron and temperature. Figure 4
shows the different crystal structures of iron. The body-centered alpha or alpha iron can
dissolve small amounts of carbon while the face-centered or gamma iron can dissolve a
considerable amount of carbon. The solid solution of carbon in gamma iron is referred as
austenite. The solid solution of carbon in delta iron is referred as delta ferrite and the
solid solution of carbon in alpha iron is referred as alpha ferrite, or simply ferrite.
a b
Figure 4. Crystal structures of iron [7]
(a) Body-centered cubic (alpha iron); (b) Face-centered cubic (gamma iron)
The mechanism of solidification of iron-carbon alloys, especially for those
containing less than 0.6 percent of carbon, is complicated and not important in the heat
treatment of carbon steels. It is sufficient to know that all iron-carbon alloys containing
less than two percent of carbon will, immediately after the solidification is complete,
consist of the single phase austenite or a mixture of austenite and cementite (Fe3C) [7].
Steels with composition of 0.8 percent of carbon is referred as "eutectoid" steel
and those of less or more than 0.8 percent of carbon is referred as "hypoeutectoid" and
"hypereutectoid" steels respectively. A eutectoid steel, when cooled slowly from the
austenitic field, will not transform until the PSK line in Figure 3 known as the A1
temperature is reached. At the A 1 temperature, the austenite transforms completely into a
mixture of ferrite and cementite. This mixture of ferrite and cementite is known as
pearlite and the A 1 temperature is commonly referred as the pearlite point. Theoretically,
iron must be alloyed with a minimum of 0.03 percent of carbon before pearlite can be
formed at the cooling point P. If the eutectoid steel is held at temperature just below the
A1 temperature, the carbide in the pearlite tends to form spheroids.
Hypoeutectoid steels, when cooled slowly from a temperature above the GOS line
in Figure 3 known as the A 3 temperature, begins to introduce ferrite when the A 3
temperature is reached. As the temperature drops from the A 3 to A 1 , the amount of ferrite
increases progressively and the amount of austenite decreases progressively when the
carbon content is increased. At the corner of this region, marked by point S, the
remaining austenite will transform completely into pearlite when cooled further. Thus,
the hypoeutectoid steels below the A 1 line consist of mixtures of ferrite and pearlite. The
lower the carbon content, the higher the temperature at which ferrite begins to form and
the greater is the amount of ferrite in the final structure.
Hypereutectoid steels, when cooled slowly from a temperature above the SE line
in Figure 3 known as the Acm temperature, begins to introduce cementite when the Acm
temperature is reached. As the temperature drops from the A m to A,, the amount of
austenite increases progressively and the amount of cementite decreases progressively
when the carbon content is increased. At the corner of this region, marked by point S, the
remaining austenite will transform completely into pearlite when cooled further. Thus,
the hypereutectoid steels below the A 1 line will consist of mixtures of cementite and
pearlite. The higher the carbon content, the higher the temperature at which cementite
begins to form and the greater is the amount of cementite in the final structure.
3.2.B Decomposition of Austenite
In alloys of iron and carbon, austenite is stable only at the temperatures above the
A1 line. Below this temperature, the austenite decomposes into mixture of ferrite (alpha
iron) and cementite (iron carbide). The final structure is greatly influenced by the
temperature at which the transformation occurs, which is influenced by the rate of
cooling. Since the mechanical properties may vary depending on the decomposition of
austenite, an understanding of how austenite decomposes and the factors that influence it
is necessary to better understand the heat treatment of steel. Figure 5 illustrates the effect
of rate of cooling on the transformation temperatures and the decompositions of austenite
in carbon steels.
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Figure 5. The effect of rate of cooling on the transformation temperatures and the
decompositions of austenite in carbon steel [7]
If carbon steels are cooled from temperature above the Ael line in Figure 5 at a
gradually increasing rate, then the corresponding temperatures at which the austenite
transformation (Ar) occurs also decreases gradually. This transformation is different than
that of the cooling under extremely slow rates (Arl) and is termed as Ar'. As the rate of
cooling is increased, another transformation termed as Ar" occurs at a relatively low
temperature at about 4300 F (2210 C). If the rate of cooling is increased even further, then
only the Ar" transformation will occur. The temperature of Ar" is independent of the rate
of cooling, where as the temperature of Ar' lowers to a minimum of 10500 F (5650 C)
when the rate of cooling is increased.
The resulting product of Ar' transformation is fine pearlite. As the temperature of
Ar' is gradually lowered, the resulting pearlite structure becomes finer and the steel
becomes harder and stronger. The product of Ar" transformation is martensite, which is
the hardest product of the austenite transformation. The occurrence of both the Ar' and
Ar" transformations, known as the split transformation, will result in a mixture of fine
pearlite and martensite. The amount of fine pearlite and martensite in the split
transformation is dependent on the rate of cooling. A slower rate of cooling will result in
more pearlite and less martensite while a faster cooling rate will result in more martensite
and less pearlite.
3.2.C Isothermal Transformation to Pearlite
The stages of transformation of austenite when carbon steels are quenched to and
held at various temperature levels, known as isothermal transformation, is generally
shown by the S-curve also known as TTT curve for time, temperature and transformation.
For example, an S-curve diagram of eutectoid carbon steel is shown in Figure 6 and the
following isothermal transformation discussions will be confined to eutectoid carbon
steels.
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Figure 6. Isothermal transformation diagram (S-curve) for eutectoid carbon steel [8].
When the austenite in eutectoid steels is cooled rapidly to 1,3000 F (7040 C) and
held at that temperature, it does not decompose until after fifteen minutes and does not
completely decompose until after approximately five hours. Thus, at temperatures below
the Ael line, austenite is stable for a considerable length of time. The product of the
decomposition of austenite at this temperature is coarse pearlite with relatively low
hardness. The term "pearlite" is named so because of its occasional iridescent or pearly
appearance as polished and etched. On the other hand, when the austenite is cooled
rapidly to 1,2000 F (6490 C) and held at that temperature, the decomposition of austenite
begins in about five seconds and is completely decomposed after about thirty seconds.
The resulting pearlite is finer and harder than that of the coarse pearlite formed at
1,3000 F (7040 C).
At a temperature of about 1,0500 F (5650 C), the austenite decomposes even
faster; starting at about the first second and is completely decomposed after about five
seconds. The resulting pearlite is even finer and its hardness is higher that formed at
1,2000 F (6490 C). The region of the S-curve where the decomposition of austenite into
fine pearlite occurs so rapidly is referred as the "nose" of the curve. Although pearlite is
much harder and stronger than ferrite, it is still relatively soft in comparison to hardened
steel. Pearlite, which is mostly ferrite with lamellae of hard iron carbide are very thin and
easily crushed and broken [6].
3.2.D Isothermal Transformation to Bainite
When austenite is cooled rapidly to temperatures below the nose of the S-curve,
about 1,0500 F (5650 C) and held at that temperature, the required time for the
transformation to begin increases along with the reduction in temperature. The final
product of the decomposition of austenite in this scenario is not pearlite, but a new
acicular constituent called bainite which is even harder than that of a very fine pearlite.
The term Bainite is named after its discoverer: E.C. Bain. Bainite is generally stronger
but less ductile than pearlite [9]. Depending on the temperature, a certain amount of time
is necessary before austenite starts to decompose into either pearlite or bainite. Then,
another certain amount of time, which is also dependent on the temperature, is also
necessary before the decomposition of austenite is completed.
3.2.E Isothermal Transformation to Martensite
If austenite is cooled rapidly to relatively low temperatures below about 430 ° F
(2210 C), then partial transformation will take place instantaneously. The product of this
transformation is called martensite, which is named after A Martens - a pioneer
metallographer. Martensite is the hardest product of the austenite transformation.
Austenite transforms into martensite within a temperature range and the amount that
transforms is a function of temperature. More martensite is formed when the temperature
is lowered. Thus, only a small amount of austenite will transform at about 4300 F
(2210 C) and all of the austenite will transform at about 1750 F (800 C).
The start of this transformation range is referred as Ms (martensite start) and the
end of this transformation range is referred as Mf (martensite finish). If the temperature is
held constant within the Ms - Mf range, the amount of austenite that does not transform
into martensite will remain untransformed. The untransformed austenite will eventually
transform into bainite after a considerable amount of time. The Ms range is influenced by
the amount of carbon present in the iron-carbon alloy. The higher the carbon percentage
is in the steel, the lower the Ms point occurs. Figure 7 shows the influence of carbon
content on the Ms point.
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Figure 7. Influence of carbon on the start of martensite transformation
steels [7]
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Martensite forms on a "falling" temperature. This behavior is connected with the
pressure or the strain caused by the change in volume, for martensite is about five percent
less dense, which occupies five percent more space than the austenite from which it
formed. Since the martensite occupies more space than the austenite from which it came,
the expansion exerts pressure on the remaining austenite [10]. Scott [11] and Manning
[12] also conclude that pressure lowers the transformation temperature from austenite to
martensite.
In order for austenite to be transformed entirely into martensite, it must be cooled
rapidly so that the temperature is lowered beyond the nose of the S-curve in less than the
time necessary for the transformation to begin. If this is violated, the resulting product of
transformation will be a mixture of pearlite and martensite which is referred as split
transformation.
3.3. Heat Treatment of Steels
3.3.A Hardening
Steels can be hardened by heating it to an elevated temperature above the A 3 line,
holding it at temperature long enough to ensure the solution of carbon in the austenite and
then cooling rapidly by quenching. Hardening depends very much on the amount of
retained austenite, the rate of cooling from and the austenitizing temperature, which
otherwise will decompose into pearlite or bainite, to ensure the transformation of
martensite. This can be achieved by rapid cooling through the Ms - Mf range. Rapid
cooling is only necessary to the lower the temperature beyond the nose of the S-curve.
When this is accomplished, the use of slow cooling is beneficial to avoid distortion and
cracking. As martensite is quite brittle, steels are rarely used in the as-quenched
condition. Generally, steel containing brittle martensite are tempered to increase its
toughness and to relieve the internal stresses due to quenching.
Increasing the austenitizing temperature causes the following effects on the
hardening of steels [13]:
1. It increases the hardenability of the steel because of the greater amount of carbide
going into solution and the increased grain size.
2. It lowers the martensite temperature. Due to the thorough carbide dissolution, the
austenite becomes more stable and starts to transform upon quenching at lower
temperature.
3. It increases the incubation time; the time for isothermal transformation to pearlite
or bainite starts.
4. It increases the amount of retained austenite after quenching due to stabilization f
the austenite, which at higher temperatures is more saturated with carbon from
dissolved carbides.
While steel hardening also depends on the amount of retained austenite, the
benefits of decreasing the amount of retained austenite are as follows [13]:
1. Increase in hardness and consequently in wear resistance.
2. More dimensional stability in the finished part (smaller change in dimensions due
to structural volume change in use).
3. Less susceptibility to the development of cracks at grinding.
The maximum hardness attainable in iron-carbon steels depends primarily on the
carbon content. The relationship of maximum hardness and carbon content is shown in
Figure 8.
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Figure 8. Relation of maximum hardness to carbon content in carbon steels [7].
The following microstructure figures show that the rise in the amount of
martensite and the decrease in the amount of ferrite accounts for the increase in hardness.
This is because martensite is extremely hard while ferrite is much softer in comparison to
martensite. The highest hardness of HRC-60 is achieved when all of the ferrite has
depleted and a complete microstructure of martensite is formed.
Figure 9. Microstructure of043% carbon steel, 1000 x, HRC-2 6]
Figure 9. Microstructure of 0.43% carbon steel, 1000 x, HRC-52 [6]
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Figure 10. Microstructure of 0.43% carbon steel, 1000 x, HRC-58 [6].
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Figure 11. Microstructure of 0.43% carbon steel, 1000 x, HRC-60 [6].
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3.3.B Tempering
Tempering, which is often referred as drawing, is a process of reheating hardened
steels that contains martensite to some temperature below the A 1 line. When the
tempering tempearture is increased, the martensite of hardened steels is gradually
changed into a structure that consists spheroids of cememtite in a matrix of ferrite [7].
These changes resulted in rise in toughness and reduction in hardness. The tempering
temperatures depend on the desired properties in the final product of the steel. Low
tempering temperature should be used to achieve a high hardness while high tempering
temperatures should be used to increase the toughness. The effect of tempering
temperatures on the hardness of hardened carbon steels is shown in Figure 12.
Proper tempering of hardened steels requires a certain amount of time. Short
tempering times are generally avoided and approximately one to two hours at tempering
time is preferred for hardened steels. If a fully hardened steel is allowed to cool to room
temperature during hardening, it is possible that the steel may crack. Hardened steels
should be tempered as soon as they are cool enough no be held by bare hands. Hardnened
steels should not be tempered before they are cooled to this temperature because in some
steels, the Mf temperature is relatively low which may result in the presence of
untransformed austenite. Part of the untransformed martensite will transform into
martensite upon tempering. Thus, the final structure will consist of both tempered and
untempered martensite. The brittle untempered martensite combined with the internal
stresss caused by its formation may result in the failure of the heat-treated part. When this
happens, a second tempering should be given to temper the untempered martensite.
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of tempering temperature on the hardness of carbon steels of different
carbon contents [8].
CHAPTER 4: DESIGN OF EXPERIMENTS
4.1. Steel Heat-Treatment Design of Experiment
4.1.A Choice of Factors and Levels
The main controllable factors affecting the hardness are soak temperature and
soak time at temperature. In addition, several uncontrollable noise factors such as the
placement within the furnace and the incoming material properties can also affect the
output.
Soak temperature is one of the most important factors that affect the
microstructure changes of steel. For each grade of steel, there is an optimum hardening
temperature range. This temperature range should be chosen to give maximum hardness
after quenching and to maintain a fine-grained microstructure [13]. The soak temperature
is chosen based on the recommended temperatures for the type of steel used in this
application from the SAE handbook [14]. The range of the soak temperature is also
chosen to ensure a complete solution of carbon and the formation of homogeneous
austenite within the test block.
The soak time at temperature is also expected to produce a difference in hardness
measurements of the steel test blocks. It is expected that a longer hold time will result in
higher hardness measurements because the formation of austenite occurs at a higher rate.
Given a higher soak temperature with the appropriate soak time and quenching, the
formation of martensite will take place within the test block.
Placement within the furnace is regarded as an uncontrollable noise because in a
batch run, some test blocks will be located near the edges of the furnace. Because the
heating elements of the furnace line the back of the heating chamber with the door
opposed to it at the front, a thermal gradient is expected to be present across the chamber.
It is expected that the heating chamber is hotter near the back and cooler near the front of
the heating furnace. A thermocouple was used to measure the actual temperature at the
different locations in the heating chamber. The extremes of measurement in this axis are
therefore the back (-1) and the front (+1) of the chamber.
Although the raw material properties can be controlled by controlling material
composition, these properties are regarded as an uncontrollable noise factor in this
experiment. If the properties of the raw material are beyond the required specifications,
then it is expected to have a dominant effect on the resulting mean hardness and hardness
uniformity of the steel test blocks regardless of the outcome of the heat treatment. Mr.
Jairaj Vora's analysis shows that the chemical compositions of the incoming material are
found to be within specifications [2]. The chemical analysis is presented in Appendix C.
Based on this analysis, one can say that the potential hardness variations are not caused
by the variation in material properties but rather from the heat-treatment process.
Thus, the soak temperature, soak time and placement within the furnace are the
factors to be analyzed in the experiment. The experiment factors, along with the
associated levels are presented in Table 4 and the experiment array signs are shown in
Table 5.
Table 4. Experiment factors and associated levels (normalized)
Factor Level Units
Factor Low High nits
A Temperature 800 900 0C
B Time 10 20 Minutes
C Placement Back Front n/a
Table 5. Experiment array signs for analyzed factors (normalized)
Factor Level
Factor Low High
Temperature -1 +1
Time -1 +1
Placement -1 +1
4.1.B Selection of the response variables
The hardness test blocks need to be hardened to a target hardness value, measurable with
the Rockwell Hardness A scale. There is also a second desirable response which is as
important as the first response: the spatial hardness uniformity. The spatial hardness
uniformity is defined as the range of multiple hardness measurements within a block and
is also measured on the same Rockwell Hardness A scale.
4.1.C Choice of Experimental Design
A 2 3 full factorial design with n = 2 replicates was used to investigate the effects of the
factors in the studied process. Replicating the basic 23 full factorial experiment allows the
experimenter to increase the precision of the estimates of the effects. Moreover, running
replicates of the 2 3 design can significantly reduce the experimental effort. The
experiment is divided into two blocks with one full replicate each. Four center point
observations are added into the experimental design to provide some protection against
curvature. The sequence of the experiments and the assignment of block serial numbers
were randomized to reduce the risk of introducing experimental bias. The experimental
design is presented in Table 6.
Table 6. Experimental design of the heat-treatment process
Factorial Effect Random BlockRun Treatment test serial
# combination sequence
A B AB C AC BC ABC numbe numbers
2 N766931 -1 -1 -1 1 -1 1 1 -1
16 N76695
6 N767052 a 1 -1 -1 -1 -1 1 1
11 N76717
15 N767113 b -1 1 -1 -1 1 -1 1
13 N76714
14 N767044 ab 1 1 1 -1 -1 -1 -1 9 N76712
1 N767155 c-1 -1 1 1 -1 -1 1 12 N76703
6 ac 1 -1 -1 1 1 -1 -1 7 N76716
3 N76706
10 N767077 bc -1 1 -1 1 -1 1 -1
4 N76721
5 N76719
8 abc 1 1 1 1 1 1 1
8 N76708
9 cp 0 0 0 0 0 0 0 17 N76694
10 cp 0 0 0 0 0 0 0 18 N76718
11 cp 0 0 0 0 0 0 0 19 N76699
12 cp 0 0 0 0 0 0 0 20 N76720
4.2. Steel Heat-Treatment Experiment Procedure
Due to the high cost of manufacturing downtime, the author could not perform the
experiment using the Commercial Heat Treater's equipment. Instead, the commercial
heat-treating process was simulated using experimental heat-treating equipment. Using
the experimental heat-treating equipment allows the author to reduce the cost of running
the experiment. It minimizes the heat loss and provides a more accurate temperature
control.
Although the type of furnace used in the experiment is different from the
commercial heat-treating equipment, it has similar characteristics and the capability to
deliver the similar output of the commercial heat-treating equipment. The type of
experimental heat-treating equipment used was the Lindberg heavy duty box furnace type
51142 as shown in Appendix D. The experimental heat-treating furnace has a
thermocouple built into the heating chamber which is integrated with a temperature
control console.
Due to the size of the heat-treating furnace, only one test block was heat treated at
one time. After the test blocks are heat-treated, they are cooled to room temperature in
oil. Then, the test blocks were ground to specifications using the same grinding machine
and setup used in the current production run. After the test blocks were ground, they went
through the rest of the manufacturing processes to achieve the final product as specified
by Wilson Instruments.
The hardness of each test block was then measured at the Instron Calibration and
Standardization Laboratory using a certified standardizing machine traceable to the
national standards. The ability to measure variation in the Rockwell test blocks is limited
by the measurement variation of the hardness tester being used [15]. In order to minimize
the variation that may arise from the hardness tester, a state-of-the-art and certified
standardizing machine was used in place. In this experiment, the hardness tester and
indentor are held constant and efforts are focused on studying the variation of the steel
hardness test blocks only.
Sixteen hardness measurements were made on each test block based on the
pattern shown in Figure 13. The test block is divided into four quadrants with four
measurements at each quadrant. Each measurement point is equidistant from the adjacent
measurement points. All of the measurements were made on a Rockwell® Hardness
Tester Series 2000, as shown in Appendix E, at the Instron Calibration and
Standardization Laboratory. The hardness measurements were performed on the
Rockwell-A scale with a 60kg Brale® "C" diamond indenter.
Figure 13. Hardness measurement pattern of the experimental design
Because the curvature in the linear model was significant, a second-order model
was fit by adding four axial points with one replicate each. These points were chosen
using the Central Composite Design with a = 1.414 to determine the second-order
response in the two controllable factors used in the linear model.
4.3. Microstructure Experiment Procedure
When the hardness variation in one of the treatment combinations was found to be
significant, a microstructure examination was performed on the test block. The
microstructure was compared against the microstructure of a test block with small
hardness variation from another treatment combination. The microstructure samples
preparation follows the methods described by ASTM E3-01 [16]. A 1 x 1 inch square
sample was sectioned from each test block using a diamond-impregnated cut-off blade
cooled with water. Samples were mounted in phenolic (Bakelite) using a specimen mount
press (Buehler® Specimen Mount PressTM model 20-1310-115). Samples were then
ground with 180 grit paper in water cooled belt grinder (Buehler® SurfMet II), then
progressively ground by 240, 360, 400 and 600 grit papers on Buehler® HandiMet 2 Roll
Grinder. After grinding, the samples were polished with 0.3 micron A120 3 suspended in
water on a fabric covered polishing wheel, Buehler® PoliMet® 1000 model 47-2896. The
samples were polished until scratches from the grinding papers, and original sample
cutting were removed. This left a mirror finish surface on the samples.
The polished samples were etched with 3% natal which is 3% nitric acid in
methanol as recommended by ASTM E407-07 [17]. Etching was stopped after about
thirty seconds when the loss of reflectivity of the sample began to occur. Samples were
then placed on a glass slide over a small amount of clay. The face of the sample was
made parallel to the bottom of the glass slide by using a press with two parallel plates.
The microstructures of the samples were analyzed using a metallographic microscope,
Nikon Optiphot®.
RESULTS AND ANALYSIS
5.1. Analysis of the Temperature Distribution in the Heating Furnace
The temperature measurements at various locations within the heating chamber are
summarized in the Table 7:
Table 7. Temperature measurements at different locations within the furnace
Measured temperature (0 C)
Set temperature front to backback center front
(0 C) difference
at 800 801 798 768 33
at 900 902 899 859 43
The results indicate that the temperature across the heating furnace is not uniform.
The actual temperature is slightly higher than the desired temperature at the back of the
heating chamber and much lower at the front of the heating chamber. The maximum
temperature difference between the front and back is also larger when a higher desired
temperature is selected. This is probably due to the greater heat loss at the surrounding of
the furnace door. Due to these temperature differences, the rear placement will always
generate a harder test block than that of the front placement regardless of the temperature
setting. This problem would not have existed if the temperature across the heating
chamber were uniform.
5.2. Analysis of the Microstructure of the Test Blocks
The results of the Design of Experiment are tabulated in Appendix F and the
averages of each treatment combinations are summarized in Table 8:
CHAPTER 5:
Table 8. Mean hardness and mean hardness range of different treatment combinations
Soak temp Soak time Location Mean hardness Mean hardness
(o C) (minutes) (HRA) range (HRA)
800 10 back 57.78 0.90
900 10 back 83.63 1.99
800 30 back 83.41 1.94
900 30 back 83.55 1.39
800 10 front 57.71 0.90
900 10 front 77.61 2.76
900 30 Front 84.15 1.58
Table 8 reveals that the combination of the low setting of temperature (8000 C)
with high setting of soak time (30 minutes) with the front placement yields a significantly
large hardness variation within the test block. Using Equation (1), this treatment
combination yields a hardness range of 19.06 HRA which fails to conform to the
maximum allowable range specified by ASTM E18-08. Meanwhile, when the back
placement was used instead, the hardness range was much smaller at 1.94 HRA and the
resulting hardness is higher than that of the front placement (HRA-83.41).
The large hardness variation problem is caused by the temperature difference
discussed in Section 5.1. When the furnace temperature was set to 8000 C, the actual
temperatures at the back and the front of the heating chamber are at 8010 C and 7680 C,
respectively. At 7680 C, the actual temperature is lower than the critical Acm temperature
for the type of steel used in this application. With approximately 0.93% of carbon
content, the Acm temperature for this type of steel is approximately at 7800 C as shown in
Appendix G. At 768' C, the temperature is not high enough to produce homogenous
austenite. Instead, a mixture of austenite and cementite (Fe 3C) was formed at that
particular temperature. When quenched, the austenite decomposed into martensite, which
is hard, and the softer cementite remains untransformed. On the other hand,
homogeneous austenite was formed at 8010 C; it eventually decomposes into martensite
upon quenching. Figure 14 and Figure 15 indicate that the presence of ferrite with
martensite resulted in a large hardness variation while the final structure that consist
homogeneous martensite yields a much lower hardness variation. These hardness
variations suggest that achieving temperatures above the Acm critical temperature is very
important to improve the hardness uniformity.
Completely
martensite, no
presence of ferrite
5pm
Figure 14. Microstructure of steel Rockwell hardness test block. Actual temperature:
8010 C. Mean hardness 83.41HRA, hardness range 1.94 HRA.
martensite
Figure 15. Microstructure of steel Rockwell hardness test block. Actual temperature:
7680 C. Mean hardness 73.43 HRA, hardness range 19.06 HRA.
5.3. Analysis of the Design of Experiment for Mean Hardness
The full factorial experiment of the experiment data was completed using
Minitab© version 15.1. The results of the experiment are graphically presented in the
following figures. The use of graphical presentations for the experiment results is
preferred as it allows the results to be more easily understood.
The mean of each treatment are presented in a cube plot in Figure 16. The main
effects plot, Figure 17, indicates that both soak temperature and soak time have similar
effects on the mean hardness of the steel test block. For both factors, the mean hardness
increases from the low level to the high level of the factors. These results are in
agreement with the discussion from Section 3.3.A where increasing the hardening
temperature increases the hardness of the steel test blocks. However, the mean hardness
is higher at the "rear" (-1) of the furnace compared to the "front" (+1) of the furnace. This
variation is expected due to the temperature difference between the front and rear
locations in the heating chamber.
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The interaction plot for hardness between soak temperature and soak time in
Figure 18 indicates a possible interaction between the two factors given the difference in
slope between the lines. At both levels of soak time, the high level of temperature
resulted in a higher mean hardness. Meanwhile, the parallel lines in the soak time-
location and the soak temperature-location interaction plots indicate that there is no
interaction between the factors.
The ANOVA of the mean hardness from the factorial experiment was also
completed using Minitab©. ANOVA calculates the main effects of each factor and
interaction that affects the mean hardness of the test blocks. The three factors discussed
here are soak temperature, soak time and location within the furnace. F-ratio or P-value
statistics were used to measure the significance of each factor and interaction that affects
the mean hardness. The ANOVA for the mean hardness is tabulated in Appendix H and
the associated P-values of each factor are summarized in Table 9:
Table 9. P-values of the factors and interactions that affect the mean hardness
Factors and interactions P-value
Soak temperature 0.000
Soak time 0.000
Location within furnace 0.000
Soak temperature and soak time interaction 0.000
Soak temperature and location in furnace 0.331
Soak time and location in furnace interaction 0.556
Soak temperature, soak time and location in furnace interaction 0.000
From the results in Table 9, soak temperature, soak time and location within the
furnace are identified as the significant factors. Meanwhile, the soak temperature-soak
time and the soak temperature-soak time-location within furnace are identified as the
significant interactions. The normal plot of the effects in Figure 19 also confirms the
significance of these factors and interactions.
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Figure 19. Normal plot of the standardized effects for mean hardness, alpha: 0.05
5.4. Analysis of the Steel Heat-Treatment Experiment for Hardness Range
Likewise, the range of the hardness measurements of the factorial experiment was
also analyzed using Minitab. Graphic representations were also used to interpret the
results of the range analysis. Figure 20 shows the cube plot of the hardness ranges of the
treatments. The combination of high level of time with low level of soak temperature and
front location of the furnace produces the highest range value at an average of HRA-
19.005. Meanwhile, the lowest range value of 0.9 HRA is achieved from the combination
of low level of time and low level of soak temperature with either level of the furnace
location.
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Figure 20. Cube plot of hardness range
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Figure 21 shows that the hardness range decreases from the low level of
temperature to the high level of temperature. This trend might occur because the solution
carbon in austenite is more thorough at higher temperatures. However, the main effect
plot of soak time does not behave as expected. When the soak time is at the low level, the
hardness range is actually lower than the hardness range at the high level. The opposite is
expected because the temperature in the test block at a higher soak time is more uniform
and ensures a complete formation of martensite. This effect may be influenced by the
treatment combination that yields the largest hardness variation discussed in the previous
section as the high level of soak time was used in the particular treatment combination.
Meanwhile, the effect of location does behave as expected. The hardness range is smaller
at the back of the furnace compared to that of the front. Again, this observation might
also be influenced by the treatment combination that yields the largest hardness variation
at which the front placement was used.
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Because each line has a different slope in all of the interaction plots in Figure 22,
the plots indicate possible interactions among the factors. The interaction of time and
temperature seems significant as the difference between the slopes of both lines is very
distinctive.
The ANOVA of the hardness range from the factorial experiment was also
completed using MinitabD. ANOVA calculates the main effects of each factor and
interaction that affect the hardness range of the test blocks. The three factors discussed
here are also soak temperature, soak time and location within the furnace. F-ratio or P-
value statistics were used to measure the significance of each factor and interaction that
affect the hardness range. The ANOVA for the hardness range is tabulated in Appendix I
and the associated P-values of each factor are summarized in Table 10:
Table 10. P-values of the factors and interactions that affect the hardness range
Factors and interactions P-value
Soak temperature 0.123
Soak time 0.054
Location within furnace 0.000
Soak temperature and soak time interaction 0.000
Soak temperature and location in furnace 0.085
Soak time and location in furnace interaction 0.075
Soak temperature, soak time and location in furnace interaction 0.000
From the results in Table 10, location within the furnace is the only significant
factor identified at a = 0.05. Despite the soak time is insignificant at a = 0.05, its P-value
of 0.054 is very close to being significant at a = 0.05. Due to the small P-value of the
soak time, the author also concludes that the soak time is significant to the hardness
range. Meanwhile the soak temperature-soak time-location within furnace is identified as
the significant interaction that affects the hardness range. The normal plot of the effects
in Figure 23 also confirms the significance of these factors and interactions.
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Figure 23. The normal plot of the standardized effects for hardness range, alpha: 0.05
5.5. Minimizing Hardness Variation
In order to minimize the non-uniform characteristic caused by the heat-treating
process, the parameters of the heat treatment should be selected so that the hardness
range is minimized. The following contour and surface plots show the results of the
second order of the interaction between the factors using the RSM approach and the
Minitab® output is presented in Appendix J and Appendix K.
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Figure 24. Surface plot of hardness range vs soak time and soak temperature
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Figure 25. Contour plot of hardness range vs soak time and soak temperature
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Figure 28. Surface plot of hardness range vs location and soak time
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Figure 24 and Figure 25 show the interaction between soak time and soak
temperature. The minimum hardness variation is attained at the combination of the low
level of soak temperature and the low level of soak time. The combination of the high
level of soak temperature with the high level of soak time also results in a low hardness
variation. Meanwhile, the low level of soak temperature and the high level of soak time
results in a large hardness variation. This combination which results in a large hardness
variation should be avoided as it increases the non-uniform characteristic of the test
block.
Figure 26 and Figure 27 show the interaction between soak temperature and
location of the test block within the furnace. These plots indicate that the low level of
location (rear of the heating chamber) results in a low hardness variation regardless of the
soak temperature setting. On the other hand, the combination of the high level of location
(front of the heating chamber) and the low level of temperature results in a high hardness
variation. Both figures show that the hardness variation increases from the high level to
the low level of temperature when the test block is placed at the front of the heating
chamber. Meanwhile, soak temperature has insignificant effect towards the hardness
variation when the test block is placed at the rear of the heating chamber.
Figure 28 and Figure 29 show the interaction between the soak time and location
of the test block within the furnace. Both plots indicate that the hardness variation is
minimized at the low level of location (rear of heating chamber) regardless of the soak
time setting. The maximum hardness variation of this interaction is attained at the
combination of front placement with the high level (longer) of soak time. As discussed
previously, the high hardness variation at the front placement of the furnace might occur
due to the greater heat loss at the surroundings of the furnace door. Both plots also
suggest that the low level of location (rear of heating chamber) is more desirable than the
front placement of the heating chamber as it results in a smaller hardness range.
CHAPTER 6: SUMMARY, RECOMMENDATIONS AND
FUTURE WORK
6.1. Summary of the Heat-Treatment Experiment
The heat-treatment experiment indicates that the temperature distribution is not
uniform across the heating chamber. The actual temperatures are higher at the back of the
heating chamber than that of the front. The heat-treatment experiment also demonstrated
that hardening temperature below the homogeneous austenite formation temperature
(Acm) resulted in a large hardness variation in the test block. This observation is based on
the known theoretical behavior that homogenous austenite could not be achieved at
temperatures below the Acm. When this happens, depending on the carbon content in the
steel, mixture of austenite with either ferrite or cementite will be formed. Upon
quenching, the austenite decomposes into martensite while the ferrite or cementite
remains untransformed. Thus, the final structure of the part will consist of martensite
with ferrite or cementite. Since martensite is much harder than ferrite or cementite, the
final structure of the product yields a large hardness variation in the test block.
The analysis of the heat-treatment Design of Experiment yields the several
important lessons, they are as follows:
1. Soak temperature has a significant effect on the mean hardness
2. Soak time has a significant effect on both the mean hardness and hardness
variation
3. The interaction between soak temperature and soak time is significant on both the
mean hardness and hardness variation
4. Although placement within the furnace is identified to have a significant effect on
both the mean hardness and hardness variation, it is merely an effect of the non-
uniform temperature distribution.
6.2. Recommendations
The following recommendations are offered regarding the heat-treatment process
in the manufacture of the Wilson Rockwell steel hardness test blocks:
1. Instron should ensure that the temperature distribution within the heating chamber
used by their vendor is uniform to reduce the hardness variation
2. Instron should ensure that the temperature at any given location within the heating
chamber used by their vendor is above the Acm critical temperature to reduce the
hardness variation
3. If the temperature distribution within the heating chamber used by their vendor is
not uniform, increasing the temperature to the point at which the lowest actual
temperature in the chamber to be above the Acm critical temperature is not a viable
option. By doing this, the hardness uniformity may be increased, but it does not
solve the conversion problem
4. Soak temperature has minimal effect on the hardness uniformity but has a
significant effect on the mean hardness. Therefore, the mean hardness of the test
blocks can be controlled by varying the soak temperature without a significant
effect on the hardness uniformity. However, soak temperature should be
maintained above the Acm critical temperature at any given time
5. Soak time has a significant effect on both the mean hardness and hardness
uniformity. Soak time should be set at the lowest possible level to increase the
hardness uniformity
6. The combination of low temperature setting with a longer soak time should be
avoided to increase the hardness variation. Instead, the combination of low
temperature and shorter soak time or the combination of high temperature and
longer soak time is recommended.
6.3. Future Work
6.3.A Improve the Sampling Method
The current sampling method introduces a lot of potential errors because it relies
on the operator's judgment rather than using statistical methods to analyze the mean
hardness and hardness variation of the test blocks. Another downside of the current
sampling method is that the measurements from each block are analyzed independently to
depict the population of the batch, not across the samples. This method may be effective
when one conducts a full (100%) inspection process, but it may not be the best method in
this case. It is recommended that statistical quality control methods to be applied in the
sampling and quality inspection process at multiple stages in the hardness test block
manufacture.
6.3.B Identify sources of variations related to hardness measurements
In this thesis, the measured variation on the test blocks was attributed only to the
test blocks. However, there are other sources of variations in the Rockwell hardness
testing such as: the indentor, pedestal, and hardness tester. Moreover, operating
parameters such as indentation velocity and depth of indentation are also potential
sources of variation. These sources of variation can also be analyzed by using the Design
of Experiment methodology to explore the effect of each factor on the hardness variation
of the test blocks.
Appendix A. The Allowable Range for Mean Hardness and the Maximum Non-
Uniformity Range
Because the measurements from the following experiments are conducted in the
Rockwell-A scale, Table Al and Table A2 only show the tolerances for the mean
hardness and the maximum non uniformity range for the Rockwell-A scale.
Table Al. Maximum non uniformity range for Rockwell-A scale [5]
Maximum non-Hardness nominal hardness of the i
uniformity range(Rockwell-A scale) standardized test blocks (HR units)(HR units)
HRA >_20 and <80 1.0
HRA >80 and <92 0.5
Table. A2. Rockwell-A mean hardness range [5].
Nominal hardness Hardness range (Rockwell-A scale)
(Rockwell-A scale) Low High
HRA22 20 24
HRA26 24 28
HRA30 28 32
HRA35 33 37
HRA39 37 41
HRA44 42 46
HRA49 47 51
HRA58 56 60
HRA63 61 65
HRA65 63 67
HRA68 66 70
HRA70 68 72
HRA73 71 75
HRA76 74 78
HRA78 76 80
HRA81 79 83
HRA83 81 85
HRA84 83 87
HRA87 85 89
Appendix B. Maximum allowable repeatability and error of standardizing machines
Table B1. Maximum allowable repeatability and error of standardizing machines [5].
Range of Standardized Maximum Maximum
Range of Standardized Repeatability, R Error. E
Test BlocksHR units(HR units) (HR units)
HRA
HRBW
HRC
HRD
HREW
HRFW
HRGW
HRHW
HRKW
HRLW,
HRMWA
HRP WA
HR RWA
HRSWA
HRVW A
HR15N
HR30N
20 to 65
70 to 78
80 to 84
40 to 59
60 to 79
80 to 100
20 to 30
35 to 55
60 to 65
40 to 48
51 to 67
71 to 75
70 to 79
84 to 90
93 to 100
60 to 75
80 to 90
94 to 100
30 to 50
55 to 75
80 to 94
80 to 94
96 to 100
40 to 60
65 to 80
85 to 100
to 77
to 88
to 92
to 50
to 73
to 82
1.0
0.7
0,5
1.0
0.7
0.7
1,0
0.7
0.5
1.0
0.7
0.5
0.7
0.7
0,5
0.7
0.7
0.5
1.0
1.0
1.0
1.0
1.0
0,7
0,5
0.5
1.0
1.0
1.0
1.0
1.0
1 0
1.0
0.7
0.5
1.0
0.7
0.5
0.5
0.5
0.3
0.7
0.5
0.5
0.5
0.5
0.3
0.5
0.5
0,5
0.5
0.5
0,5
0.5
0.5
0,5
0,5
0.5
0.5
0,5
0.5
0.5
0.5
0.5
0.5
0.5
0,5
0.5
0.5
0.5
0.4
0.5
0.5
0.4
HR45N 20 to 31 1.0 _ 0.5
37 to 61 0.7 - 0.5
66 to 72 0.5 _ 0.4
HR15TW 74 to 80 1.0 ± 0.7
81 to 86 0.7 ± 0.5
87 to 93 0.7 ± 0,5
HR30TW 43 to 56 1.0 ± 0.7
57 to 69 0.7 ± 0,5
70 to 83 0.7 ± 0.5
HR45TW 13 to 32 1.0 ± 0.7
33 to 52 0.7 ± 0.5
53 to 73 0.7 ± 0.5
HR15WWA 1.0 ± 0.5
HR30WWA 1.0 + 0.5
HR45WWA 1.0 ± 0.5
HR15XW A  1.0 ± 0.5
HR30XWA 1.0 ± 0.5
HR45XWA 1.0 ± 0.5
HR15YWA 1.0 _ 0.5
HR30YWA 1.0 - 0.5
HR45YWA 1.0 0.5
A Appropriate ranges of standardized test blocks for the L. M, P. R. S, V, W. X.
and Y scales shall be determined by dividing the usable range of the scale into two
ranges, high and low. Standardized test blocks for the R and S scales may be
available at only one hardness level.
Appendix C. Chemical analysis of the incoming material
Segments were sectioned and removed from each sample and analyzed using
inductively couple plasma emission spectroscopy (ICP). The results of these
analyses, in weight percent, are provided below:
Table C1. Chemical analysis of the incoming material [2]
Element sample A sample B ASTM A 681. UNS T31502,
C 0.938 0,932 0.85-100
Mn 1.07 1.13 100 - 1.40
P 0,01 0,008 0.030 max,
S 0.002 0.001 0.030 max.
Si 0.182 0.190 0.10 -0.50
Cr 0.52 0.498 0.40- 0.70
V 0.063 0,064 0.30 max,
W 0.502 0,460 0.40 -0.60
As can be seen the Table C1, the material was found to lie within the limits of
acceptable ranges of ASTM A681 standards.
Appendix D. Experimental heat treating furnace: Lindberg type (51442)
Figure D 1.Experimental heat treating furnace: Lindberg type 51442 (Lindberg).
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Appendix E. Rockwell ®Hardness Tester Series 2000
Figure El. Hardness testing machine: Rockwell® Hardness Tester Series 2000 (Instron).
Appendix F. Full factorial experiment data
Table Fl. Full factorial experiment data of the first replicate with center point
Replicate # 1
Treatment (1) a b ab c ac bc abc
combination
Temperature 800 900 800 900 800 900 800 900
Time 10 10 30 30 10 10 30 30
Location in back back back back front front front front
furnace
Serial # N76693 N76705 N76711 N76704 N76715 N76716 N76707
__ _ _ _ _ 
_ I I + I
58.00 84.25 83.77 82.57 57.14 78.53 72.75
N76719
83.65
2 57.31 84.33 83.77 82.84 57.51 78.53 75.93 83.64
3 58.24 83.92 83.89 83.76 57.17 79.06 80.13 83.73
4 57.90 84.05 80.98 83.77 57.55 80.44 82.16 84.13
5 57.90 84.09 84.01 82.82 57.28 79.43 66.96 84.38
6 57.86 83.91 84.17 83.71 57.21 77.97 69.27 84.32
7 57.12 84.24 84.01 84.05 56.80 78.25 73.79 84.30
8 57.69 84.42 83.58 83.93 57.12 79.05 80.57 84.37
9 57.92 81.49 83.14 83.37 57.75 78.86 61.84 84.59
10 57.80 82.66 84.11 84.03 57.43 79.04 63.11 84.64
11 57.55 82.11 83.73 84.35 57.38 78.36 69.51 84.27
12 57.58 83.91 81.07 84.12 57.68 78.07 77.65 84.59
13 58.01 83.92 82.72 83.86 57.76 78.18 60.26 84.63
14 57.54 81.89 82.47 83.79 57.40 78.01 61.25 84.53
15 57.47 83.11 81.29 84.19 57.47 80.01 67.94 84.77
57.72 83.13 83.24 84.08 57.61 78.13
__ .1 4 4 1 1
MEAN 57.73 83.46 83.12 83.70 57.39 78.75
74.00
71.07
84.45
84.31
range 1.12 2.93 3.19 1.78 0.96 2.47 21.90 1.13
stdev 0.29 0.95 1.11 0.53 0.26 0.73 7.19 0.36
Table F2. Full factorial experiment data of the second replicate with center point
Replicate #
Treatment (1) a b ab c ac bc abc
combination
Temperature 800 900 800 900 800 900 800 900
Time 10 10 30 30 10 10 30 30
Location in back back back back front front front front
furnace
Serial # N76695
57.77
N76717
84.05
N76714
83.68
N76712
82.76
N76703
58.06
N76706
76.73
N76721
81.23
N76708
84.02
2 57.96 83.87 83.40 83.41 57.99 74.86 80.72 84.22
3 57.93 83.95 83.31 83.46 58.43 76.72 80.01 84.20
4 57.46 84.05 83.75 82.90 58.32 76.78 78.15 84.66
5 58.09 84.07 83.51 83.27 57.92 75.47 81.83 83.31
6 57.56 83.85 83.70 83.55 57.84 76.8 79.22 84.07
7 57.76 83.88 83.30 83.76 57.66 76.93 73.82 83.72
8 57.68 83.78 83.84 83.55 58.05 75.52 75.46 84.49
9 57.80 84.07 83.54 82.81 58.03 75.68 79.66 82.63
10 57.86 83.47 83.88 83.54 57.62 77.91 76.43 83.78
11 57.65 83.51 83.65 83.59 58.43 77.87 70.21 84.12
12 57.83 83.60 83.91 83.13 57.97 76.83 69.37 84.08
13 58.10 83.98 83.96 83.76 58.24 76.91 77.87 83.43
14 58.14 83.76 83.99 83.65 57.93 74.88 73.19 84.14
15 57.95 83.03 83.75 83.44 57.59 77.58 69.90 84.54
57.95 83.94 83.84 83.62 58.35 75.99 65.62
4.I4
MEAN 57.84 83.80 83.69 83.39 58.03 76.47 75.79
84.48
83.99
range 0.68 1.04 0.69 1.00 0.84 3.05 16.21 2.03
stdev 0.19 0.28 0.22 0.32 0.27 0.97 4.94 0.53
Table F3. Full factorial experiment data of the axial and center points
Axial and center point runs
Treatment center center center center axial axial axial axial
combination point point point point point 1 point 2 point 3 point 4
Temperature 850 850 850 850 850 850 920.7 779.3
Time 20 20 20 20 5.86 34.14 20 20
Location in
center center center center center center center centerfurnace
Serial # N76694 N76718 N76699 N76720 N76713 N76710 N76696
-4 I 4 4 4 I 4 4 4
82.67 84.64 83.51 84.34 57.65 84.7 84.08
N76729
65.28
2 79.59 84.78 84.34 82.98 57.19 84.68 84.25 62.29
3 80.47 84.69 82.35 84.03 57.87 84.79 84.03 61.39
4 79.23 84.39 82.42 81.03 58.12 84.7 83.87 61.73
5 81.59 84.74 83.6 84.55 57.68 84.77 84.01 65.02
6 80.75 84.79 83.28 83.91 57.86 84.87 83.64 61.85
7 83.97 84.88 82.29 82.51 57.74 84.79 83.66 60.28
8 79.86 84.25 81.74 82.39 58.02 84.52 83.84 63.02
9 82.66 84.68 83.57 82.45 58.1 84.05 83.93 65.16
10 83.43 84.55 82.97 84.42 57.66 84.57 82.5 63.13
11 82.41 84.9 79.84 82.42 57.77 84.77 83.57 63.47
12 83.34 84.81 78.76 82.04 58.01 84.8 83.66 63.88
13 82.49 84.08 83.94 84.27 58.26 83.8 83.84 65.6
14 82.09 84.68 83.71 83.13 58.22 84.8 83.26 65.02
15 82.99 84.84 80.14 84.07 57.97 94.9 83.4 64.62
MEAN
82.97
81.91
84.7
84.65
80.71
82.32
83.06
83.23
58.35
57.90
84.47
85.25
83.67
83.70
65.28
63.56
range 4.74 0.82 5.58 3.52 1.16 11.10 1.75 5.32
stdev 1.48 0.23 1.66 1.04 0.29 2.59 0.41 1.67
-
Appendix G. Critical Acm temperature of steel used for Rockwell hardness test block
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Figure G1. Critical Acm temperature of steel used for Rockwell hardness test block
Appendix H. ANOVA of the full factorial experiment for mean hardness
Factorial Fit: hardness versus Block, temp, time, location
Estimated Effects and Coefficients for hardness (coded units)
Term
Constant
Block
temp
time
location
temp*time
temp*location
time*location
temp*time*location
Ct Pt
Effect Coef SE Coef
13.840
12.262
-4.179
-8.409
0.845
-0.504
4.446
75.002
-0.099
6.920
6.131
-2.090
-4.205
0.422
-0.252
2.223
8.024
0.4134
0.3698
0.4134
0.4134
0.4134
0.4134
0.4134
0.4134
0.4134
0.9244
S = 1.65366
R-Sq = 98.66%
PRESS = 446.358
R-Sq(pred) = 78.09% R-Sq(adj) = 97.45%
Analysis of Variance for hardness (coded units)
Source
Blocks
Main Effects
2-Way Interactions
3-Way Interactions
Curvature
Residual Error
Lack of Fit
Pure Error
Total
Seq SS
0.19
1437.48
286.73
79.05
206.02
27.35
23.18
4.17
2036.83
Adj SS
0.19
1437.48
286.73
79.05
206.02
27.35
23.18
4.17
Adj MS
0.195
479.160
95.578
79.052
206.024
2.735
2.897
2.085
F
0.07
175.22
34.95
28.91
75.34
P
0.795
0.000
0.000
0.000
0.000
1.39 0.484
Unusual Observations for hardness
Obs
6
7
14
15
StdOrder
6
7
14
15
hardness
78.7487
71.0700
73.9663
75.7931
Fit
76.2588
73.3328
76.4562
73.5303
SE Fit
1.2264
1.2264
1.2264
1.2264
Residual
2.4900
-2.2628
-2.4900
2.2628
St Resid
2.24R
-2.04R
-2.24R
2.04R
R denotes an observation with a large standardized residual.
Half Normal Effects Plot for hardness
Alias Structure
I
Blocks =
temp
time
location
temp*time
temp*location
time*location
temp*time*location
T P
181.42
-0.27
16.74
14.83
-5.05
-10.17
1.02
-0.61
5.38
8. 68
0.000
0.795
0.000
0.000
0.000
0.000
0.331
0.556
0.000
0.000
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Figure H1. Pareto chart of the standardized effects of mean hardness
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Figure H3. Residual versus fits plot of mean hardness
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Appendix I: ANOVA of the full factorial experiment for hardness range
Factorial Fit: range versus temp, time, location
Estimated Effects and Coefficients for range (coded units)
Term
Constant
temp
time
location
temp*time
temp*location
time*location
temp*time*location
Ct Pt
Effect Coef
4.688
-2.021 -1.011
2.606 1.303
6.269 3.134
-6.991 -3.496
-2.289 -1.144
2.384 1.192
-6.174 -3.087
-1.023
S = 2.41996
R-Sq = 90.24%
PRESS = 225.406
R-Sq(pred) = 65.85% R-Sq(adj) = 83.14%
Analysis of Variance for range (coded units)
Source
Main Effects
2-Way Interactions
3-Way Interactions
Curvature
Residual Error
Pure Error
Total
Obs
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
StdOrder
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
range
1.1200
2.9300
3.1900
1.7800
0.9600
5.9100
21.9000
1.1300
0.6800
1.0400
0.6900
1.0000
0.8400
13.6000
16.2100
2.0300
4.7400
0.8200
5.5800
3.5200
R denotes an observation with a large standardized residual.
SE Coef
0.6050
0.6050
0.6050
0.6050
0.6050
0.6050
0.6050
0.6050
1.3528
T
7.75
-1.67
2.15
5.18
-5.78
-1.89
1.97
-5.10
-0.76
P
0.000
0.123
0.054
0.000
0.000
0.085
0.075
0.000
0.465
F
11.42
13.61
26.03
5.69
P
0.001
0.001
0.000
0.009
)F Seq SS
3 200.701
3 239.193
1 152.461
1 33.350
.1 64.418
.1 64.418
.9 660.122
Fit
0.9000
1.9850
1.9400
1.3900
0.9000
9.7550
19.0550
1.5800
0.9000
1.9850
1.9400
1.3900
0.9000
9.7550
19.0550
1.5800
3.6650
3.6650
3.6650
3.6650
Adj SS
200.701
239.193
152.461
33.350
64.418
64.418
SE Fit
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.7112
1.2100
1.2100
1.2100
1.2100
Adj MS
66.900
79.731
152.461
33.350
5.856
5.856
Residual
0.2200
0.9450
1.2500
0.3900
0.0600
-3.8450
2.8450
-0.4500
-0.2200
-0.9450
-1.2500
-0.3900
-0.0600
3.8450
-2.8450
0.4500
1.0750
-2.8450
1.9150
-0.1450
St Resid
0.13
0.55
0.73
0.23
0.04
-2.25R
1. 66
-0.26
-0.13
-0.55
-0.73
-0.23
-0.04
2. 25R
-1.66
0.26
0.51
-1.36
0.91
-0.07
Figure II. Pareto chart of the standardized effects of hardness range
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Figure 12. Normal probability plot of hardness range
Pareto Chart of the Standardized Effects
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Figure 14. Residual
Appendix J: Second order model ANOVA of mean hardness
Response Surface Regression: hardness versus temp, time, location
The analysis was done using coded units.
Estimated Regression Coefficients for hardness
Term
Constant
temp
time
location
temp*temp
time*time
location*location
temp*time
temp*location
time*location
Coef SE Coef
83.0263 2.462
7.6735 1.557
7.5018 1.557
-2.0897 1.231
1.4484 4.265
22.2922 4.265
2.4012 2.754
-8.4068 2.462
0.5974 1.741
-0.3560 1.741
S = 4.92480
R-Sq = 87.29%
PRESS = 1603.56
R-Sq(pred) = 39.97% R-Sq(adj) = 79.12%
Analysis of Variance for hardness
Source
Regression
Linear
Square
Interaction
Residual Error
Lack-of-Fit
Pure Error
Total
Seq SS
2331.52
1221.73
823.05
286.73
339.55
112.01
155.56
2671.07
Adj SS
2331.52
1221.73
823.05
286.73
339.55
112.01
155.56
Adj MS
259.058
407.245
274.350
95.578
24.254
37.337
14.142
F
10.68
16.79
11.31
3.94
P
0.000
0.000
0.000
0.031
2.64 0.077
Unusual Observations for hardness
Obs
22
23
StdOrder
22
23
hardness
85.249
83.701
Fit
76.801
92.148
SE Fit
3.815
3.815
Residual
8.448
-8.448
St Resid
2.71 R
-2.71 R
R denotes an observation with a large standardized residual.
Estimated Regression Coefficients for hardness using data in uncoded units
Term
Constant
temp
time
location
temp*temp
time*time
location*location
temp*time
temp*location
time*location
T
33.718
4.928
4.818
-1.697
0.340
-5.227
0.872
-3.415
0.343
-0.204
P
0.000
0.000
0.000
0.112
0.739
0.000
0.398
0.004
0.737
0.841
Coef
83.0263
5.42678
5.30534
-2.08973
0.724438
-11.1495
2.40116
-4.20465
0.422461
-0.251758
-
Appendix K: Second order model ANOVA of hardness range
Response Surface Regression: range versus temp, time, location
The analysis was done using coded units.
Estimated Regression Coefficients for range
Term
Constant
temp
time
location
temp*temp
time*time
location*location
temp*time
temp*location
time*location
Coef SE Coef
3.6650 2.043
-2.0781 1.292
1.8901 1.292
3.1344 1.022
2.7600 3.539
-0.4250 3.539
-0.1447 2.285
-6.9891 2.043
-1.6181 1.445
1.6853 1.445
S = 4.08681
R-Sq = 67.66%
PRESS = 708.440
R-Sq(pred) = 2.02% R-Sq(adj) = 46.87%
Analysis of Variance for range
Source
Regression
Linear
Square
Interaction
Residual Error
Lack-of-Fit
Pure Error
Total
DF Seq SS
9 489.21
3 236.12
3 13.90
3 239.19
14 233.83
3 91.92
11 164.42
23 723.04
Adj SS
489.21
236.12
13.90
239.19
233.83
91.92
164.42
Adj MS
54.356
78.705
4.633
79.731
16.702
30.641
14.947
F
3.25
4.71
0.28
4.77
P
0.024
0.018
0.841
0.017
2.05 0.108
Unusual Observations for range
Obs
14
StdOrder range Fit SE Fit
14 13.600 6.176 2.625
Residual
7.424
St Resid
2.37 R
R denotes an observation with a large standardized residual.
Estimated Regression Coefficients for range using data in uncoded units
Term Coef
Constant 3.66500
temp -1.46963
time 1.33669
location 3.13437
temp*temp 1.38042
time*time -0.212564
location*location -0.144728
temp*time -3.49562
temp*location -1.14437
time*location 1.19187
T
1.794
-1.608
1.463
3.068
0.780
-0.120
-0.063
-3.421
-1.120
1.167
P
0.095
0.043
0.066
0.008
0.448
0.906
0.950
0.004
0.282
0.263
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